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Text S1: Model description and equations
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Model

We modeled the transmission of Ebola based on a Susceptible-Exposed-Infected-Removed (SEIR) natural
history of infection [1–4] using pair approximations. Pair-approximation models are formulated in terms
of a hierarchy of equations where first-order moments, such as [S], depend on second-order moments, such
as [SI], which then depend on third-order moments, such as [ISI]. The average degree of the network
is defined as the average number of contacts per individual in the population and is denoted by k. The
clustering coefficient is a measure of the number of shared contacts between neighbors in the population
and is denoted by φ. Approximating the higher moments collapses the hierarchy of equations such that the
density of triplets, or third order moments, depends only on the density of pairs. Consistent with previous
models on clustered populations [5], to close the system we used the standard triangle pair approximation:
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where N is the population size, k is the average degree, φ is the clustering coefficient, and i, j, and m can
be any of the epidemiological states.

Infection may occur when a susceptible, S, has contact with an infectious individual I, which is represented
by the density of susceptible-infected pairs [SI]. A susceptible individual transitions into the latent state,
E, at rate β[SI], where β is the transmission rate. A latently infected individual becomes infectious after
1/σ days. An individual remains infectious for an average of 1/δ days, where ψ percent of the infected
individuals enter case isolation via self-reporting (as opposed to active contact tracing) at a rate γ per
day. Our criteria for Ebola elimination is a threshold of fewer than 0.025 cases per day, which corresponds
to approximately one new case over a 42 day duration [6].

Contact tracing and Case isolation

Following contact with an isolated individual who is or was symptomatic (TI and TR), latently infected
(E) and symptomatically infectious individuals (I) are traced at a rate τ , such that they are either under
observation (TE) or, if they become symptomatic after 1/σ days, will be isolated (TI). An individual in
isolation enters the removed traced state after 1/δ days when the infectious period ends, resulting either in
death or recovery (TI → TR). We keep track of the removed state in order to model the continued tracing
of contacts of formerly isolated individuals for a period of 21 days, which corresponds to the maximum
duration of the latent phase [7].

Ring vaccination

We assumed that a proportion of contacts identified through contact tracing are vaccinated. To incorporate
imperfect vaccine efficacy, we assumed that ε of the population obtain full protective immunity from
vaccination (S) while the remaining population (SN ) is not protected. We denote latently infected
individuals who were previously vaccinated and latently infected individuals who do not obtain protective



2

immunity by F . We considered vaccine efficacies ranging from 5% to 100%, corresponding to the initial
conditions:

[E] (0) = εE0

[F ] (0) = (1− ε)E0

[S] (0) = ε (N − [E](0)− [F ](0))

[SN ] (0) = (1− ε) (N − [E](0)− [F ](0))

[SSN ] (0) = ε(1− ε)k(N − [E](0)− [F ](0))

[SE] (0) = εk[E](0)

[SNE] (0) = (1− ε)k[E](0)

[SF ] (0) = εk[F ](0)

[SNF ] (0) = (1− ε)k[F ](0)
[SNSN ] (0) = (1− ε)k(N − [E](0)− [F ](0))− [SSN ](0)− [SNE](0)− [SNF ](0)

[SS] (0) = εk(N − [E](0)− [F ](0))− [SSN ](0)− [SE](0)− [SF ](0).

We denote the tracing and vaccination rate by τ and χτ for a susceptible individual and a latently infected
individual, respectively. In addition, the use of a prophylactic vaccine is denoted χ = 0 and the use
of a vaccine that confers post-exposure protection is denoted χ = 1. When a susceptible individual is
vaccinated with the prophylactic vaccine, the individual transitions into an unprotected pre-vaccinated
state (P ) at a rate of τ([STI ] + [STR]). After 1/υ days, protective vaccine-mediated immunity is assumed
to have mounted and the vaccinated individual transitions into the removed state. Latently infected
individuals who obtain post-exposure immunity after vaccination (E) transition directly to the removed
class. If the vaccine does not take, the latently infected individual remain under daily observation (TE),
from which they can still be isolated once they become symptomatic.

Model fitting

For Liberia, we fit the model to the number of weekly confirmed cases reported by the WHO from June 8,
2014 to January 4, 2015 (Figure S1) [8]. Similarly, for Sierra Leone, we fit the number of weekly confirmed
cases reported by the WHO between May 11, 2014 and January 4, 2015 (Figure S1) [9]. We calibrated
the model by fitting the transmission rate (β), the date of Ebola emergence into the population (t0), the
initiation of intervention scale up (tS), and the reduction in transmission as a result of external factors
(ξ). During the time between disease emergence and the downturn in transmission, we assumed no scale
up in the intervention (i.e. τ = 0). From the start of intervention scale up onwards, we assumed that
case isolation was implemented at our base case contact tracing efficacy (40%) [10, 11]. In addition to
case isolation, our model calibration indicated that there was a reduction in transmission due to external
factors, such as behavior. For Sierra Leone, we found that a second reduction in transmission occurred on
December 20, 2014, consistent with the deployment of substantial international aid at that time [12–14],
and corresponding to a further ξ reduction in transmission. For each model fit, we used a fixed clustering
coefficient (φ) of 0.21, 0.10 or 0.40 and an average degree (k) of 5.74 or 10.

The piecewise transmission rate for Liberia is:

β(t) =

{
β : t0 ≤ t < tS
(1− ξ)β : tS ≤ t

, (1)
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and the piecewise transmission rate for Sierra Leone is:

β(t) =

 β : t0 ≤ t < tS
(1− ξ)β : tS ≤ t < Dec. 20, 2014
(1− ξ)2β : Dec. 20, 2014 ≤ t

, (2)

where τ = 0 for t < tS and τ > 0 for t ≥ tS .

We fit the model to the data for both countries by minimizing the mean square error (Table S1),

Error =
1

N − 1

N∑
i=1

(Yi − Ci)
2
, (3)

where at time point i, Ci is the weekly incidence of the data and Yi is the weekly incidence predicted by
the model.

The minimization was implemented using MATLAB 7.12.0 constrained optimization function lsqnonlin [15].
The ordinary differential equation system was solved using MATLAB ode15s routine. We assumed that
the time of disease introduction occurred within 0 to 90 days prior to June 8, 2014 for Liberia and May
11, 2014 for Sierra Leone. The origin of the Sierra Leone outbreak was traced to the funeral of a healer
who treated Ebola patients in Guinea [16]. During the funeral proceedings in Koindu, Sierra Leone, 14
individuals were infected by direct contact with the deceased [16]. Therefore, we parameterized the initial
number of latently infected individuals to 14 for Sierra Leone. For Liberia, we assumed the outbreak in
Liberia was initiated by two infected individuals, diagnosed on June 8, 2014 [8].

Quantitative measures

We measure the marginal benefit of adding ring vaccination to case isolation by the relative reduction in
the total number of cases during the period throughout which intervention was scaled up:

Marginal Benefit =
CI(T, τ/(τ + ν))− CR(T, τ/(τ + ν))

CI(T, τ/(τ + ν))− C(tS)
,

where CI(T, τ/(τ + ν)) denotes the total number of cases for the entire epidemic when case isolation is
implemented with contact tracing efficacy τ/(τ + ν). The total number of cases for the entire epidemic
when case isolation and ring vaccination are implemented with contact tracing efficacy τ/(τ +ν) is denoted
CR(T, τ/(τ + ν)). The total number of cases on the day of initial intervention scale up is denoted C(tS).

We measure the marginal benefit of increasing the contact tracing efficacy by the relative reduction in the
total number of cases during the period throughout which intervention was scaled up,

Marginal Benefit =
CR(T, 5%)− CR(T, τ/(τ + ν))

CR(T, 5%)− C(tS)
,

where CR(T, τ/(τ + ν)) denotes the total number of cases for the entire epidemic when case isolation and
ring vaccination are implemented with contact tracing efficacy τ/(τ + ν). The total number of cases at
the time of initial intervention scale up is denoted C(tS).
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Equations

The first-order moment equations for a combined intervention.

d[S]

dt
= −β(t)[SI]− τ([STI ] + [STR])

d[E]

dt
= β(t)[SI]− τ([ETI ] + [ETR])− σ[E]

d[I]

dt
= σ[E] + σ[F ]− (1− ψ)δ[I]− ψγ[I]− τ([ITI ] + [ITR])

d[R]

dt
= (1− ψ)δ[I] + χτ([ETI ] + [ETR]) + ω[TR] + υ[P ]

d[TE ]

dt
= (1− χ)τ([ETI ] + [ETR]) + τ([FTI ] + [FTR])− σ[TE ]

d[TI ]

dt
= ψγ[I] + τ([ITI ] + [ITR])− δ[TI ] + σ[TE ]

d[TR]

dt
= δ[TI ]− ω[TR]

d[SN ]

dt
= −β(t)[SNI]

d[P ]

dt
= τ([STI ] + [STR])− β(t)[PI]− υ[P ]

d[F ]

dt
= β(t)[SNI] + β(t)[PI]− τ([FTI ] + [FTR])− σ[F ]
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The second-order moment equations for a combined intervention containing the third order moments

d[SS]

dt
= −2β(t)[ISS]− 2τ([TISS] + [TRSS])

d[SE]

dt
= −β(t)[ISE]− τ([TISE] + [TRSE])

+ β(t)[ISS]− τ([TIES] + [TRES])− σ[SE]

d[SI]

dt
= −β(t)[ISI]− τ([TISI] + [TRSI])

+ σ[SE] + σ[SF ]− (1− ψ)δ[SI]− ψγ[SI]− τ([TIIS] + [TRIS])

d[SR]

dt
= −β(t)[ISR]− τ([TISR] + [TRSR])

+ (1− ψ)δ[SI] + χτ([TIES] + [TRES]) + υ[SP ]

+ ω[TRS]

d[STE ]

dt
= −β(t)[ISTE ]− τ([TISTE ] + [TRSTE ])

+ (1− χ)τ([TIES] + [TRES])− σ[STE ] + τ([TIFS] + [TRFS])

d[STI ]

dt
= −β(t)[ISTI ]− τ([TISTI ] + [TRSTI ])

+ τ([TIIS] + [TRIS])− δ[STI ] + ψγ[SI] + σ[STE ]

d[STR]

dt
= −β(t)[ISTR]− τ([TISTR] + [TRSTR])

+ δ[STI ]− ω[STR]
d[SSN ]

dt
= −β(t)[ISSN ]− τ([TISSN ] + [TRSSN ])− β(t)[ISNS]

d[SP ]

dt
= −β(t)[ISP ]− τ([TISP ] + [TRSP ]) + τ([TISS] + [TRSS])− β(t)[IPS]− υ[SP ]

d[SF ]

dt
= −β(t)[ISF ]− τ([TISF ] + [TRSF ])

= + β(t)[ISNS] + β(t)[IPS]− τ([TIFS] + [TRFS])− σ[SF ]
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d[EE]

dt
= 2β(t)[ISE]− 2τ([TIEE] + [TREE])− 2σ[EE]

d[EI]

dt
= β(t)[ISI]− τ([TIEI] + [TREI])− σ[EI]

+ σ[EF ] + σ[EE]− (1− ψ)δ[EI]− ψγ[EI]− τ([TIIE] + [TRIE])

d[ER]

dt
= β(t)[ISR]

− τ([TIER] + [TRER])− σ[ER]
+ (1− ψ)δ[IE] + υ[EP ]

+ χτ([TIEE] + [TREE]) + ω[ETR]

d[ETE ]

dt
= β(t)[ISTE ]− τ([TIETE ] + [TRETE ])− σ[ETE ]

+ (1− χ)τ([TIEE] + [TREE]) + τ([TIFE] + [TRFE])− σ[ETE ]
d[ETI ]

dt
= β(t)[ISTI ]]− τ([TIETI ] + [TRETI ])− σ[ETI ]

+ ψγ[IE] + τ([TIIE] + [TRIE])− δ[TIE] + σ[TEE]

d[ETR]

dt
= β(t)[ISTR]− τ([TIETR] + [TRETR])− σ[ETR]

+ δ[TIE]− ω[TRE]

d[ESN ]

dt
= β(t)[ISSN ]]− τ([TIESN ] + [TRESN ])− σ[ESN ]− β(t)[ISNE]

d[EP ]

dt
= β(t)[ISP ]− τ([TIEP ] + [TREP ])− σ[EP ]

+ τ([TISE] + [TRSE])− β(t)[IPE]− υ[EP ]
d[EF ]

dt
= β(t)[ISF ]− τ([TIEF ] + [TREF ])− σ[EF ]

+ β(t)[ISNE] + β(t)[IPE]− τ([TIFE] + [TRFE])− σ[EF ]
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d[II]

dt
= 2σ[IE] + 2σ[FI]− 2(1− ψ)δ[II]− 2ψγ[II]− 2τ([TIII] + [TRII])

d[IR]

dt
= σ[ER] + σ[FR]− (1− ψ)δ[IR]− ψγ[IR]− τ([TIIR] + [TRIR])

+ (1− ψ)δ[II] + υ[IP ] + χτ([TIEI] + [TREI]) + ω[ITR]

d[ITE ]

dt
= σ[ETE ] + σ[FTE ]− (1− ψ)δ[ITE ]− ψγ[ITE ]− τ([TIITE ] + [TRITE ])

+ (1− χ)τ([TIEI] + [TREI]) + τ([TIFI] + [TRFI])− σ[ITE ]
d[ITI ]

dt
= σ[ETI ] + σ[FTI ]− (1− ψ)δ[ITI ]− ψγ[ITI ]− τ([TIITI ] + [TRITI ])

+ ψγ[II] + τ([TIII] + [TRII])− δ[TII] + σ[TEI]

d[ITR]

dt
= σ[ETR] + σ[FTR]− (1− ψ)δ[ITR]− ψγ[ITR]− τ([TIITR] + [TRITR])

+ δ[TII]− ω[TRI]
d[ISN ]

dt
= σ[ESN ] + σ[FSN ]− (1− ψ)δ[ISN ]− ψγ[ISN ]− τ([TIISN ] + [TRISN ])− β(t)[ISNI]

d[IP ]

dt
= σ[EP ] + σ[FP ]− (1− ψ)δ[IP ]− ψγ[IP ]− τ([TIIP ] + [TRIP ])

+ τ([TISI] + [TRSI])− β(t)[IPI]− υ[IP ]
d[IF ]

dt
= σ[EF ] + σ[FF ]− (1− ψ)δ[IF ]− ψγ[IF ]− τ([TIIF ] + [TRIF ])

+ β(t)[ISNI] + β(t)[IPI]− τ([TIFI] + [TRFI])− σ[IF ]

d[RR]

dt
= 2(1− ψ)δ[IR] + 2χτ([TIER] + [TRER]) + 2ω[TRR] + 2υ[PR]

d[RTE ]

dt
= (1− ψ)δ[ITE ] + χτ([TIETE ] + [TRETE ]) + ω[TRTE ] + υ[PTE ]

+ (1− χ)τ([TIER] + [TRER]) + τ([TIFR] + [TRFR])− σ[RTE ]
d[RTI ]

dt
= (1− ψ)δ[ITI ] + χτ([TIETI ] + [TRETI ]) + ω[TRTI ] + υ[PTI ]

+ ψγ[IR] + τ([TIIR] + [TRIR])− δ[TIR] + σ[TER]

d[RTR]

dt
= (1− ψ)δ[ITR] + χτ([TIETR] + [TRETR]) + ω[TRTR] + υ[PTR]

+ δ[TIR]− ω[TRR]
d[RSN ]

dt
= (1− ψ)δ[ISN ] + χτ([TIESN ] + [TRESN ]) + ω[TRSN ] + υ[PSN ]− β(t)[ISNR]

d[RP ]

dt
= (1− ψ)δ[IP ] + χτ([TIEP ] + [TREP ]) + ω[TRP ] + υ[PP ]

+ τ([TISR] + [TRSR])− β(t)[IPR]− υ[RP ]
d[RF ]

dt
= (1− ψ)δ[IF ] + υ[PF ]

+ χτ([TIEF ] + [TREF ]) + ω[TRF ] + β(t)[ISNR] + β(t)[IPR]− σ[RF ]
− τ([TIFR] + [TRFR])
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d[TETE ]

dt
= 2(1− χ)τ([TIETE ] + [TRETE ]) + 2τ([TIFTE ] + [TRFTE ])− 2σ[TETE ]

d[TETI ]

dt
= (1− χ)τ([TIETI ] + [TRETI ]) + τ([TIFTI ] + [TRFTI ])− σ[TETI ]

+ τ([TIITE ] + [TRITE ]) + ψγ[ITE ]− δ[TETI ] + σ[TETE ]

d[TETR]

dt
= (1− χ)τ([TIETR] + [TRETR]) + τ([TIFTR] + [TRFTR])− σ[TETR]

+ δ[TITE ]− ω[TETR]
d[TESN ]

dt
= (1− χ)τ([TIESN ] + [TRESN ]) + τ([TIFSN ] + [TRFSN ])

− σ[TESN ]− β(t)[ISNTE ]

d[TEP ]

dt
= (1− χ)τ([TIEP ] + [TREP ]) + τ([TIFP ] + [TRFP ])

− σ[TESN ] + τ([TISTE ] + [TRSTE ])− β(t)[IPTE ]− υ[PTE ]
d[TEF ]

dt
= (1− χ)τ([TIEF ] + [TREF ]) + τ([TIFF ] + [TRFF ])

− 2σ[TEF ] + β(t)[ISNTE ] + β(t)[IPTE ]

− τ([TIFTE ] + [TRFTE ])

d[TITI ]

dt
= 2τ([TIITI ] + [TRITI ])− 2δ[TITI ] + 2 + ψγ[ITI ]

+ 2σ[TETI ]

d[TITR]

dt
= τ([TIITR] + [TRITR])− δ[TITR] + ψγ[ITR]

+ σ[TETR]

+ δ[TITI ]− ω[TRTI ]
d[TISN ]

dt
= τ([TIISN ] + [TRISN ])− δ[TISN ] + ψγ[ISN ]− β(t)[ISNTI ]

d[TIP ]

dt
= τ([TIIP ] + [TRIP ])− δ[TIP ] + ψγ[IP ]

+ τ([TISTI ] + [TRSTI ])− β(t)[IPTI ]− υ[PTI ]
d[TIF ]

dt
= τ([TIIF ] + [TRIF ])− δ[TIF ] + ψγ[IF ] + β(t)[ISNTI ]

− σ[TIF ]− τ([TIFTI ] + [TRFTI ]) + β(t)[IPTI ]

d[TRTR]

dt
= 2δ[TITR]− 2ω[TRTR]

d[TRSN ]

dt
= δ[TISN ]− ω[TRSN ]− β(t)[ISNTR]

d[TRP ]

dt
= δ[TIP ]− ω[TRP ] + τ([TISTR] + [TRSTR])− β(t)[IPTR]− υ[PTR]

d[TRF ]

dt
= δ[TIF ]− ω[TRF ] + β(t)[ISNTR]

− σ[TRF ]− τ([TIFTR] + [TRFTR]) + β(t)[IPTR]

d[SNSN ]

dt
= −2β(t)[ISNSN ]

d[SNP ]

dt
= −β(t)[ISNP ] + τ([TISSN ] + [TRSSN ])− β(t)[IPSN ]− υ[PSN ]
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d[SNF ]

dt
= −β(t)[ISNF ] + β(t)[ISNSN ]− σ[SNF ]− τ([TIFSN ] + [TRFSN ]) + β(t)[IPSN ]

d[PP ]

dt
= 2τ([TISP ] + [TRSP ])− 2β(t)[IPP ]− 2υ[PP ]

d[PF ]

dt
= τ([TISF ] + [TRSF ])− β(t)[IPF ]− υ[PF ]

+ β(t)[ISNP ]− σ[FF ]− τ([TIFF ] + [TRFF ]) + β(t)[IPP ]

d[FF ]

dt
= 2β(t)[ISNF ]− 2σ[FF ]− 2τ([TIFF ] + [TRFF ]) + 2β(t)[IPF ]
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